The DENIS project
Since the middle of 1994, the ESO 1{meter telescope has been dedicated on a full{time basis to a long{term project whose main objective is to survey the entire southern sky in 3 bands of the near{infrared regime, namely I, J, and K s . The routine observations of the DENIS project began in December, 1995, after a long period of tests of the instruments and telescope optics, observational pilot programmes, and an unexpected delay due to the implementation of the new read{out electronics of the I channel.
Extensive catalogs of stars, galaxies, and other celestial objects constitute a fundamental tool of astronomy. Statistics of any class of objects requires data as complete and as well{calibrated as possible. Before making any deep investigation of a particular region, a large{scale map of the surrounding area is essential to establish the general context. For these simple reasons, the sky has been surveyed at almost all wavelengths accessible from the Earth's surface and for which the appropriate technology is available; and soon after man had escaped the Earth's atmosphere, or discovered new ways of detecting radiation thus unveiling new spectral ranges, explorations quickly commenced in quest of new celestial objects and unknown physical processes.
The 2.2{micron window is of particular astrophysical interest. It is the longest{wavelength window not much hampered by extinction in the Earth's atmosphere, and is also a band quite free of background thermal emission. The interstellar medium is quite transparent at 2.2 microns. The astrophysical importance of the band lies in the fact that this wavelength corresponds to the maximum in the emission spectrum of evolved stars.
At the end of the 1980's, it had become clear that an all{sky survey was technically possible which would yield an improvement by more than 4 orders of magnitude in the K band, at 2.2 microns, over what had been achieved by the extraordinarily valuable Two Micron Sky Surveys (TMSS) (Neugebauer & Leighton, 1969) . Obviously crucial was the release from military classi cation of infrared detectors suitable for astronomical work; also important were the advances in computer technology which would allow the enormous amount of data to be processed and distributed in a feasible manner.
Two major e orts to map the infrared sky began more or less simultaneously. In Europe, several laboratories, under the leadership of the Paris Observatory in Meudon, started to consider pooling e orts which led to a proposal for the DENIS project, aimed at covering the entire southern sky from the ESO site at La Silla, making full{time use of the ESO 1{meter telescope. In the US, following the initiatives of the University of Massachusetts, the 2MASS project was put forward, which proposed to use two custom{built telescopes to observe both hemispheres of the sky. Operating with somewhat di erent wavelength bands, and in particular without the CCD{camera coverage of the I band, the 2MASS project is in someways complementary and in other ways competitive with the DENIS survey of the southern sky.
Although not originally designed for infrared observations, the ESO 1{ meter telescope has been used successfully over a two{decade period to carry out photometric observations from 1 to 20 microns. In fact, many of the most well{ known \infrared objects" populating the southern sky, including very young massive stars, extreme AGB stars, active galactic nuclei, and actively star{ forming systems, were discovered with this instrument.
The DENIS e orts started in earnest in 1990 to generate the necessary funds and manpower. The French Education Ministry provided the initial funding which supported the preliminary feasibility studies. The D epartement de Recherche Spatiale of Paris Observatory at Meudon had established expertise in building IR cameras during the CIRCUS and ISOCAM short{wavelength projects, and this allowed a prompt design of the two DENIS infrared cameras. At the same time, several European laboratories pooled their manpower resources and technical expertise to propose a project which was rst granted funding within the context of the SCIENCE plan of the European Commission, then subsequently as a network in the Human Capital and Mobility programme.
The ambition of the DENIS project is to produce the rst directly{ digitized astronomical sky survey, and the largest infrared star catalog ever produced. It is a long{range project that will extend over the full decade of the 1990's, from the initiation of the design studies to the nal exploitation of the data. The basic DENIS objective is to explore the entire sky at < +2 in three spectral bands of the near{infrared, namely the I, J, and K s bands centered at 0.85, 1.25, and 2.15 m, respectively. DENIS will thus produce and deliver to the community a set of fundamental astronomical documents, including a point{source catalogue of almost 1 billion stars in the I band, an extended{source catalogue containing some 250,000 galaxies, and an atlas of 1 million elementary images of 12 0 12 0 size, in three colours. This material, which will amount to some 4 Terabytes of data, will be of direct value and will also support statistical investigations (star and galaxy counts) in a newly explored spectral range; it will also support rst preparation and then exploitation of the planned and on-going space missions such as the Infrared Space Observatory (ISO) mission of the European Space Agency, the Near{Infrared Camera and Multi{Object Spectrometer (NICMOS) project on the Hubble Space Telescope, and the Space Infrared Telescope Facility (SIRTF), as well as ground{based projects including in particular some of those to be carried out with the ESO Very Large Telescope.
The DENIS material will support a range of investigations in several important astronomical elds, including those dealing with the structure of our Galaxy, speci cally with the distribution of various stellar populations, the investigation of the missing mass in our Galaxy, the formation and evolution of stars, and the local structure of the Universe.
The DENIS project incorporates state{of{the{art technologies in several di erent areas, including IR{array detectors, electronics, real{time computing, and data{base management, each of which require a di erent sort of expertise.
For this reason, the design and implementation of the DENIS project has required the pooling of funding and human resources in a number of di erent European institutes. No less than 20 institutes, located in 8 countries 1 are involved with the DENIS project, together with the European Southern Observatory (ESO). The technological requirements, and the realities of the funding problems, has led to a somewhat cumbersome organizational structure, but has had the advantage of stimulating interesting new collaborations for the scienti c exploitation of the data.
2 The DENIS instrument and the observing strategy
The DENIS focal instrument is a completely new and specially designed 3{ channel camera including its dedicated data handling system (Fig. 1, Fig. 2 ). It consists of 3 independent cameras attached to a main structure that is set up at the Cassegrain focus of the 1{meter telescope. The I{band camera is equipped with a Tektronix array of 1024 1024 pixels; the J{ and K s {band cameras are each out tted with Rockwell NICMOS{3 detector arrays of 256 256 pixels. Installing such a substantial instrument at the focus of a relatively small telescope was quite challenging; for example, due to weight limitations, the main instrumental structure had to be made from magnesium. The f/15 beam coming from the telescope is split into three beams, corresponding to the three survey wavelengths, using dichroic beamsplitters. Three focal reducers, each optimized for the respective wavelengths, transform the f/15 focal ratio to f/3. They provide a eld of view of 12 0 12 0 on the sky for the three arrays and a scale of 3 00 per pixel on the J and K s channels and 1 00 on the I channel. A microscanning mirror is inserted in the infrared beams which can be tilted by piezoelectric actuators in the right ascension and declination directions in small steps corresponding to fractions of pixels. The purpose of this microscanning mirror is to optimize the sampling of the J and K s images and to minimize the e ect of bad pixels on the NIC-MOS arrays. An elementary DENIS image in the J and K s bands results from combining and interlacing 9 sub{images obtained by moving the microscanning mirror by 1=3 of a pixel in and 21=3 pixels in , in both negative and positive directions. Because of this optimized sampling of the DENIS images, each of the three channels is characterized by similar astrometric accuracy, of the order of 1 00 .
The DENIS project will survey the entire sky between = +2 and The DENIS focal instrument installed at the cassegrain focus of the 1 meter telescope at La Silla. The stainless steel dewar seen on the left of the main structure contains the CCD array. The infrared NICMOS arrays are set up in 2 cryostats, one of which (K band) is seen on the right of the picture (blue vertical cylinder), the other is hidden by the structure. Part of the read{out electronics is hanged on the fork of the telescope.
?88 . The sky{coverage strategy adopted involves dividing the sky into three zones, each covering 30 of declination; each zone is itself divided into narrow strips, 12 0 wide in and 30 long in . Each strip is scanned by moving the telescope in the so{called step and stare mode. The integration time on each position of the telescope is approximately 10 seconds; after this duration, the telescope is moved 10 0 in declination in order to allow for an overlap of 2 0 between two consecutive images. One strip contains 180 images of 12 0 12 0 and takes approximately 1.5 hours to be completed. This includes the time spent on photometric and astrometric calibrations and the overhead delays required by the movement and stabilization of the telescope, by the data read{out of the cameras, by data transfer between computers, as well as by the actions of shutters and lter wheels. Flat{ elding observations are performed in the three colours at dusk and at dawn. The data handling at the telescope is controlled by three \Real{Time Units" (RTU), one per channel, each consisting of a pair of 68040 processors. A special processor (the Focal Instrument Controller or FIC) controls the hardware (including lter{wheel rotation on the IR channels, the movement of the CCD shutter and microscanning mirror, etc..) as well as general housekeeping (including temperature probes, etc.) and the sequence of observations. Finally, an HP 9720 workstation (NRTU) is used as the observer interface; it manages the survey strategy automatically, by choosing the right strip to be observed at a given time, and displays all necessary information regarding telescope control and the status of the cameras and progress of the survey. This workstation is also interfaced with the HP 1000 of the Telescope Control System (TCS)(see A preliminary version of the DENIS instrument, equipped only with the J and K s channels, was mounted on the ESO telescope for the rst time in December, 1993. The I{band CCD channel was delivered to La Silla in July, 1995, and put in full operation soon after. The performance characteristics (see Table 1 ) of the cameras are in agreement with the design speci cations. During the commissioning phase, hardware subsystems and software were tested Table 1 : Characteristics of the DENIS channels and improved in order to optimize the image quality, the data reduction procedures, and the survey strategy. Because no major change in the instrumental con guration nor in the survey strategy will be possible during the lifetime of the survey, in order to ensure homogeneity of the data, all the parameters that de ne this strategy were carefully reviewed during the commissioning phase of the project. The series of pilot{programme observations (protosurvey) of selected areas of the sky chosen for speci c scienti c reasons, has been fully completed and has resulted in a sky coverage of about 2000 square degrees, in either two or three colours, depending on whether the pilot{programme in question was completed before or after the CCD channel had been installed. Scienti c analysis of this considerable wealth of new data is now underway (see section 5). The DENIS data pipeline. Users will access to the image archives (PROFDA) that will be installed on a jukebox of DLTs at PDAC and to the source catalogues in the SODA and LODA databases. The FOURBI database already provides to the consortium members information on the current status of observations (observed areas). The connection with the CDS in Strasbourg and ROE are still under discussions ranging from point sources to small extended sources, and then parameterizing them and entering the results into an archive constituting a preliminary point source catalog (PPSC). The PDAC also extracts and archives images for those sources found to be extended, and will thus create a catalogue of galaxies. Both DAC's are working in close collaboration, supplementing each other, to perform a coherent and complete data reduction analysis task.
The Paris Data Analysis Center (PDAC)
The PDAC performs a number of steps necessary to prepare the data for further processing and analysis. The steps involve the at{ elding and sky emission corrections of the strip images using at{ elds derived during the real{time processing on the mountain and through sunrise/sunset observations. Subsequently a sorting of the frames is done to obtain colour{grouped sets of data for each pointing position. At PDAC, the incoming data stream is inspected thoroughly to assess the quality of each and every image of the strips. This information is relayed back to La Silla to allow possible re{observations. This procedure ensures a homogeneous survey.
The processed frames (strips) are stored in the Processed Frame Database (PROFDA) and also sent to the LDAC for further processing. The PROFDA will allow mosaicking the individual images. Access to the PROFDA is provided through a database produced and maintained at the PDAC. This database allows veri cation of the observing strategy goals aimed at full mapping of the southern sky, and also keeps track of the data quality and storage administration.
Upon return of source and calibration information from LDAC, the PDAC examines the processed frames for extended objects. These non{stellar objects are parametrized and archived in the extended source database. For each extended object a postage stamp image is extracted and stored.
The Leiden Data Analysis Center (LDAC)
The LDAC concentrates on the extraction of \small objects" from the DENIS images, at all three wavelength bands. Production of a catalog is done during the course of the survey data acquisition and should result in an incremental rst{ order data product tracing the observations with a delay period of approximately one year. Access to the \protosurvey" data is open to the DENIS Science Working Groups.
The derivation of object parameters is based solely on image properties; no a priori astronomical information will enter this catalog. Object parameters are corrected for instrumental e ects in the nal catalogue. Apart from the usual extraction parameters, information about the local image environment and extraction characteristics are also retained. All objects above the 5{ noise level are extracted. The objects are de{blended and their positions calculated using the frame centers and plate parameters computed with the help of cross{ identi cations with the DENIS Input Catalog sources. In order to improve the positional accuracy, strip{wide astrometric solutions are computed utilizing the overlap information inherent to the observing strategy. The small objects are photometrically calibrated using a set of DENIS standards widely distributed over the southern sky. The list of standard stars used for DENIS has been divided into two parts, one for the I band and the other for the J and K bands. The I{band standards come from the set of UBVRI standards used at ESO and at CTIO (Landolt, 1992) . For the J and K bands, a list of standards has been compiled from those in use at CTIO, ESO, MSSSO, SAAO, and UKIRT. At LDAC, a working database stores all the raw and derived extraction parameters along with the most recent calibration parameters. At regular intervals, the raw information is transformed into astronomically meaningful parameters using the best available calibration.
Quality estimates and nal databases
The photometric accuracy of the DENIS data can be assessed using the photometric standard stars as a local reference frame. The standard deviation in the photometric parameter derived from the proto{survey data shows that high accuracy is achieved over a large range in magnitudes. The photometric accuracy of the object extraction (rms error) has been shown to be about 0: m 03, just below the saturation limit, and 0: m 2 at the faint cut{o . The DENIS instrument has so far been very stable in time. As a result of the large amount of data produced by DENIS, we will de ne our own photometric system and provide transformation formulae to most other standard photometric systems. Our system, however, will increase in accuracy with time and can only be nalized at the end of the survey.
The positional accuracy is in uenced mainly by the systematic errors of the GSC, which on average are about 1 00 . In fact, the DENIS input catalogue used is a combination of several catalogues, the GSC v1.2, the PPM catalog, the HIPPARCOS input catalogue and eventually also the Tycho catalogue, each appropriately weighted in the astrometric solution. The relative rms errors (within a DENIS frame) are on the order of 0: 00 1. After the TYCHO catalogue becomes available (we expect one TYCHO star per DENIS frame), the positional errors can be reduced to a few tenths of arcseconds. Current rms positional errors are about 0: 00 3. Once the data will be quali ed, they will be gathered into nal databases, one containing the small sources (SODA) the other the extended sources (LODA). These databases will result of a collaboration between both DACs and the CDS in Strasbourg. Cross{identi cations with the optical SUPERCOSMOS data are also envisaged to eventually provide 5{colour photometric catalogues.
DENIS operations in Chile
The survey operations in Chile involve a major e ort, requiring the presence of at least one person every night, all the year round, at the observing site for an expected total duration of 4.5 years. The project maintains a dedicated team, resident in Chile and now fully operational. The team involves a survey astronomer, P. Fouqu e, who supervises the observations; an operations engineer, formerly B. Jansson; and a young scientist, generally a French \cooperant", E. Bertin for the 1994{95 year, P.-A. Duc for the 1995{96 year, and presently R. Moliton. In addition, visiting astronomers and engineers come from Europe to reinforce the local sta , to make urgent hardware or software modi cations, and to provide the necessary link between the operations in Chile and the data analysis centers in Paris and Leiden.
The mountain operations are conducted under the responsibility of the survey astronomer. All commissioning tests have been done under his supervision in close interaction, via daily e-mail connections, with the instrument team based in Meudon and with the two data analysis centers. The primary responsibilities of the operations engineer involve maintenance of all aspects of the instrumentation, mainly the electronics and hardware devices; as with any new and complex instrument, maintenance of the complete DENIS facility is an important and demanding task.
5 First scienti c results from the DENIS project
Organization of the scienti c data analysis
The scienti c interpretation of the data obtained during the pilot{survey period has now started, under the responsibility of ve dedicated Science Working Groups set up for this purpose. They involve astronomers from the di erent institutes of the consortium, including a number of graduate students and postdoctoral fellows, several of whom are supported by the European Community through a network of the Human Capital and Mobility programme, as well as through other individual and institutional fellowships. The ve working groups are dedicated to the principal areas to which DENIS is expected to contribute: i) late{type and AGB stars, chaired by H. Habing, Leiden; ii) low{mass stars, chaired by T. Forveille, Grenoble; iii) galactic structure, chaired by A. Robin, Besan con; iv) star formation, chaired by P. Persi, Frascati; and v) extragalactic systems and cosmology, chaired by G. Mamon, IAP, Paris.
A data{release policy group (DRPG) de nes and regulates the access to the data and the authorship of the publications. The main rule is in accordance with ESO policy, that once the data have been processed and certi ed regarding quality, they are put at the disposal of the consortium members for the duration of one year after archival in the DACs; subsequently the data are released to the community at large. The rst such general release of DENIS data is expected in Spring 1997. The DENIS consortium has been actively pursuing its goals. Twice a year progress review meetings are held, involving the entire consortium and chaired by the PI. More frequently, in practice at least ve times a year, the data processing specialists meet in Data Analysis Meetings, or DAMs, chaired by E. Deul, in order to discuss and optimize the data processing techniques and methods. The DENIS project has been the focus of several national and international conferences. A Les Houches School was held on the subject of Science with Astronomical Near{Infrared Surveys (Epchtein et al., 1994) . Two Euroconferences, supported by a grant from the EC, have been dedicated to presenting and discussing the rst scienti c results from DENIS. The rst of these was organized in Italy (Persi et al., 1995) , and the second in Spain (Garzon et al., 1997) . Several scientists from 2MASS and IPAC have participated in these workshops, thus maintaining contacts and collaborations between the two infrared survey projects.
A couple of DENIS images obtained during the now{routine period of observations are shown in Fig. 5 and Fig. 6 . These images illustrate the quality of the data and the results of the reduction pipeline; the images involve the nominal integration times of 10 seconds, and each represents a eld of 12' 12' area.
Several Ph.D. theses based on the exploitation of DENIS data acquired during the protosurvey period have been recently defended or are currently in progress. Eric Copet (Meudon, DESPA), the rst graduate student involved in DENIS since its beginning, in addition to contributing to the implementation of parts of the real{time data handling software, studied the luminosity function of young stars in the Orion region based on the early DENIS observations. He investigated the nature of some 2000 objects detected in J and K s in an area covering 2 x 0.5 around the Trapezium (Copet, 1996) . Most of them are likely to be associated with the Orion complex. St ephanie Ruphy (Meudon, DESPA), has performed large scale DENIS star counts, mainly in J and K s , in various directions of the Galaxy, and compared them with the predictions of currently available models of stellar populations synthesis. She is particularly involved in a study of the anticenter direction. In these directions, all current existing models disagree with DENIS star counts in the sense that there are fewer stars observed than the models predict. At low galactic latitudes, colour diagrams are succesfully used to separate giant and dwarf stellar populations (Fig.7) (Ruphy, 1996) . New revised values of the scale length and of the cuto distance of the stellar distribution in the Galaxy have been derived (Ruphy et al., 1996) Another study in progress involves a search for low mass stars at high galactic latitudes. Xavier Delfosse, at Grenoble, is preparing a Ph.D. thesis based on the analysis of DENIS images taken far from the galactic disk. A rst : DENIS colour{colour diagram of 3800 point sources detected in an area of one half square degree at b = 1 and l = 238 at K < 13:5. This diagram shows two main concentrations of sources, the blue one corresponds mainly to dwarf stars and the redder one mainly to giants. At low latitude, the interstellar extinction e ciently separates the two populations.
analysis of several tens of strips at high galactic latitude resulted in the discovery of several very late (M8 to M10) red dwarfs. Other results have been already obtained by Y. Dabrowski who has combined DENIS images with optical data coming from Schmidt plates digitized with the COSMOS machine (Fig. 8) .
Most of the DENIS source extractions were done using the sextractor software developed by Emmanuel Bertin. According to the recent models of VLM stars, (e.g. Allard and Hauschildt), they should appear much bluer in J-K] than the normal main sequence dwarfs, and thus good candidates could be easily recognized in this diagram.
Extensive investigations involving the combination of DENIS and ISO images have already started. A. Omont (IAP, Paris) is leading a large{scale ISO open{time programme, entitled \ISOGAL" and aimed at probing the galactic bulge populations at 7 and 15 m. Several areas located in the range +45 > l > ?45 and jbj 0:5 , are currently being observed by ISO and by DENIS almost simultaneously, giving a wide spectral coverage and allowing much easier population separation in colour-colour diagrams (P erault et al., 1996) . Other DENIS and ISO collaborations have begun, aimed e.g. at exploring nearby star formation regions, and the evolved giant and supergiant populations of the Magellanic Clouds. P. Persi (IAS, Frascati) and collaborators are studying the star formation rate in several nearby molecular clouds such as the Chameleon clouds. L. Cambr esy is drawing out a high spatial resolution and large scale mapping of the extinction towards this nearby dust and molecular complex on the basis of star counts and I -K] reddening. C. Loup and collaborators are characterizing the DENIS colours of late{type giants (e.g., O{rich vs. C{rich) and identifying new such stars in the Magellanic Clouds.
Gary Mamon (IAP, Paris) and his collaborators have made simulations for star{galaxy separation and have estimated that the number of galaxies that will be detected by DENIS in the K s band would be around 250,000, while in the I band, this number could be close to 1 million. As an illustration of the capability of detecting reddened galaxies in the Zone of Avoidance, an edge{on galaxy, IRAS 07395{2224, as seen by DENIS in its three bands is shown in Fig.  9 . Although the galaxy is barely seen on Schmidt plates (SRCJ) and is still rather faint in I, it appears prominently in K s , where the density of eld stars is much lower. A long{range programme to detect highly{obscured galaxies in the Zone of Avoidance is planned in collaboration with Ren ee Kraan{Korteweg (Meudon). G. Paturel and I. Vauglin from Lyon Observatory are currently cross identifying DENIS sources with the galaxies of the Lyon{Meudon Extragalactic Data Base (LEDA) using the deep I images, and are drawing up a list of still uncatalogued galaxies detected by DENIS. Thousands of new galaxies have been already identi ed on the DENIS images.
Although DENIS has been operating in its routine mode only for one year, covering about one quarter of the southern sky, the project has already resulted in a number of promising results. A small fraction of the archived data has been exploited, so far. Several fruitful collaborations have started within the consortium institutes and with ISO teams. Owing to the huge amount of data to analyze, we expect that the interest in DENIS products in the astronomical community at large, and in particular within the ESO community, will grow as the survey progresses; we also expect that the 2{micron point source catalogue will be available, at least partly, for the rst light of the VLT. 
